INTRODUCTION
Pancreatic ductal adenocarcinoma is one of the most aggressive malignant diseases and usually shows poor prognosis [1] . Surgical resection remains the only potentially curative treatment but the survival rate of patients who undergo curative resection is only 15%-26% [1] [2] [3] [4] [5] [6] . In several previous studies, the positive microscopic resection margin status was shown as an independent prognostic factor [7] [8] [9] [10] . Many surgeons have tried to obtain a microscopic negative margin (R0) to improve the surgical outcome in this background. On the other hand, some recent studies demonstrated that resection margin status had no independent prognostic significance [1, 11, 12] .
Furthermore, the deficiency of universally acceptable specimen handling and definition of R1 resection margin acts as an obstacle to research for improving the clinical outcome of resectable pancreatic cancer. Although the rate of R0 resections is regarded as a quality indicator after pancreatic cancer op er ation [13] , a recent meta-analysis represented a wide range of R0 resection rates between 15% and 83% according to institutions [14] . In the early 2000s, the Royal College of Pathologists minimum dataset for histological reporting of Pancreaticoduodenectomy (PD) specimens recommends that cases with evidence of microscopic tumor extension to within 1 mm should be classified as R1 [15] . Since then, many studies have suggested the definition of microscopic positive margin be revised. However, the clinicopathologic meaning of this is still questionable.
We aimed to find out clinicopathologic details, risk factors for survival, and recurrence according to resection margin status, and finally to evaluate the effect of revised microscopic positive margin in which the tumor is within 1 mm from the margin surface to clinical outcome.
METHODS
The Institutional Review Board at Samsung Medical Center approved the exemption of this retrospective study and the approval number is 2016-10-086. Between July 2012 and December 2014, a total of 194 patients underwent PD due to ductal adenocarcinoma of the pancreatic head with curative intent in a single center. Clinicopathologic outcome data were prospectively collected in medical records and retrospectively reviewed. The patients consisted of 120 males and 74 females with a median age of 64.1 ± 10.1 years. One hundred fortynine of 194 patients (76.8%) had adjuvant treatment after operation. Among them, 143 patients (96%) received concurrent chemoradiotherapy (CCRT), 5 patients (3.4%) received chemotherapy alone and only 1 case had radiotherapy alone. Gemcitabine-based chemotherapy was applied to 7 patients (4.9%), and the other 136 patients (95.1%) received 5-fluorouracil (5-FU)-based chemotherapy. Among the 194 patients who underwent PD, no 30-day mortality occurred.
Specimens after operation were fixed in formalin overnight and the resection margin inked in 3 different colors according to 3 discrete regions: the superiors mesenteric artery (SMA) margin, the portal vein margin, and the pancreas neck margin. Then, specimens were sliced axially perpendicular to the longitudinal axis of the duodenum in a 4-to 5-mm thickness. Histopathologic examination was performed and microscopic safety margin was measured from invasive front of ductal adenocarcinoma to each inked margin with an ocular lens scale bar in the microscope (Fig. 1) . All the histology reports were documented by one pathologist and evidence of tumor involvement at any one of these three margins was reported in an R1 classification. Patients were divided into 3 groups based on the margin status: rR0 (revised grossly and microscopically negative resection margin, microscopic safety margin >1 mm), tumor existing more than 1 mm from resection margin; rR1 (revised grossly negative but microscopically positive resection margin, 0 mm < microscopic safety margin ≤ 1 mm), tumor involved within 1 mm from each margin, but does not directly reach it; cR1 (classic microscopic positive resection margin, safety margin = 0 mm), tumor is exposed to inked microscopic margin. There were 76 rR0 (39.2%), 100 rR1 (51.5%), and 18 cR1 (9.3%).
Demographic and clinical features of all data except operation procedure, regional lymph node (LN) metastasis and lymphovascular invasion had no difference between the 3 groups (Table 1) . However, more patients in the rR0 group had pylorus preserving pancreaticoduodenectomy operation compared to other operations including Whipple operation and pylorus resecting pancreaticoduodenectomy (63.1%, P = 0.015). We identified more regional LN metastases occurring in cR1 group (94.4%, P = 0.002) and higher rates of lymphovascular invasion in the rR1 group (78.0%, P = 0.018).
The follow-up schedule was determined by adjuvant treatment. For patients who needed adjuvant treatment, the followup interval was as follows: postoperative day (POD) 1 month, POD 2 months, POD 6 months, POD 12 months, POD 18 months, and every 6 months until POD 60 months after that. Regarding patients who needed no adjuvant treatment: at least 5 times for the first 18 months (POD 1, 4, 8, 12, 18 months) and every 6 months until POD 60 months after that. The routine follow-up examinations were composed of laboratory findings including tumor markers and image work up such as computed tomography. If no recurrence developed for 18 months after resection, the intervals of follow-up examinations were maintained up to 6 months. The median follow-up duration in the present study was 16.5 months (range, 1-40 months). We defined recurrence of disease according to radiologic or histologic findings. Local recurrence was defined as follows: if a local ill-defined mass or soft tissue or increase in size of LN along visceral vessels around the pancreatic bed were found by computed tomography evaluation with positive findings on positron-emission tomography. When it was combined distant Values are presented as mean ± standard deviation, number (%), or median (range). rR0, microscopic safety margin >1 mm; rR1, 0 mm < microscopic safety margin ≤ 1 mm; cR1, safety margin = 0 mm; ASA PS, American Society of Anesthesiologists physical status; PPPD, pylorus preservingpancreaticoduodenctomy; PRPD, pylorus resecting pancreaticoduodenectomy; PV-SMV, portal vein-superior mesenteric vein. a)
Proportion of number of patients receiving PPPD to all patients receiving curative resection. b) Major vascular invasion means cancer invade to superior mesentery artery or portal vein or superior mesentery vein in final pathological findings.
recurrence, we did not regard it as local recurrence.
Chi-square tests were used to cross-tabulate nominal data. Parametric continuous variables were tested using Student t-tests and the Mann-Whitney test was used for nonparametric continuous variables. The disease-free and overall survival rates were calculated using the Kaplan-Meier method and survival curves were compared using the log-rank test. Univariate survival and recurrence analysis to identify risk factors was conducted using the logistic regression model. Multivariate analysis was performed using Cox proportional hazards regression model. Statistical significance was set at a value of P < 0.05. We analyzed the data using IBM SPSS Statistics ver. 23.0 (IBM Co., Armonk, NY, USA). Fig. 2A and B illustrates Kaplan-Meier cumulative curves of 3-year overall survival and disease-free survival rates according to microscopic resection margin status; rR0, rR1, and cR1. As shown in Fig. 2A , the rR1 group had a median survival of 22.3 months (95% confidence interval [CI], 19.5-25.4) compared with 24.7 months (95% CI, 21.6-27.3) for rR0 group (P = 0.254), and 17.0 months (95% CI, 12.5-21.6) for cR1 group (P = 0.088). With respect to disease-free survival rates, the median survival times were 16.0 months (95% CI, 13.0-18.9) in rR1 group, 17.1 months (95% CI, 13.8-20.3) in rR0 group (P = 0.502), and 8.4 months (95% CI, 4.6-12.2) in cR1 group (P = 0.013) (Fig. 2B) . When comparing the rR0 group versus rR1 + cR1 group (Fig. 2C, D) under revised resection margin classification, no significant difference in overall survival and disease-free survival rate was observed (24.7 months vs. 21.5 months, P = 0.108; 17.1 months vs. 14.7 months, P = 0.180). By contrast, we found significant differences in overall survival in comparison of rR0 + rR1 versus cR1 group under classic resection margin classification (23.7 months vs. 17.0 months, P = 0.026) (Fig.  2E) . A significant difference in disease-free survival was also identified (16.7 vs. 8.4 months, P = 0.006) under classic resection margin classification (Fig. 2F) . Table 2 explains the results of both univariate and multivariate analysis of risk factors for survival. Multivariate analysis demonstrated that lower body mass index (hazard ratio [HR], 1.102; 95% CI, 1.039-1.207; P = 0.003), longer operation time (HR, 1.004; 95% CI, 1.001-1.007; P = 0.016), poorly dif ferentiated histologic grade (HR, 2.622; 95% CI 1.713-4.013; P < 0.001), and cR1 microscopic resection margin (HR, 1.850; 95% CI, 1.076-3.179; P = 0.026) are significant prognostic factors for overall survival. As to recurrence, only poorly differentiated histologic grade (HR, 1.669; 95% CI, 1.153-2.416; P = 0.007) was a significantly independent risk factor for recurrence in multivariate analysis (Table 3) .
RESULTS
The most common site of microscopic positive margin was portal vein-superior mesenteric vein (PV-SMV) margin. Of 100 rR1, PV-SMV (+) included 76 cases, SMA (+) 51 cases, and pancreas neck 3 cases. Of 18 cR1, PV-SMV (+) included 10 cases, SMA (+) 9 cases, and pancreas neck 2 cases.
Recurrence developed in 131 of 194 patients (67.5%) during the follow-up period of study. Among these, 91 patients (69.5%) received palliative chemotherapy and 40 patients (30.5%) had best supportive care. There was significant difference in recurrence rates between 3 groups; Recurrence rates were 63.2% (n = 48) in rR0 group, 66.0% (n = 66) in rR1 group, and 94.4% (n = 17) in cR1 group (P = 0.035). The correlation between the microscopic margin status and the initial recurrence sites was shown in Table 4 . Local recurrence occurred in 13 of 76 patients (17.1%) in rR0 group, 26 of 100 patients (26.0%) in rR1 group, and 8 of 18 patients (44.4%) in cR1 group (P = 0.048).
We also analyzed recurrence patterns according to adjuvant treatment. Among the 45 patients (23.3%) who received no adjuvant treatment, there was significant difference in local recurrence rates; 7.1% (1 of 14) in rR0 group, 36.7% (11 of 30) in rR1 group, and 100.0% (1 of 1) in cR1 group (P = 0.028). 
DISCUSSION
Recent studies demonstrated margin clearance as one of the most important prognostic factors in pancreatic cancer [7, [9] [10] [11] 14, [16] [17] [18] [19] . Esposito et al. [20] and Verbeke et al. [21] reported real R1 rates had been underestimated and insisted precise and standardized protocol should be used in specimen analysis in pancreatic cancer resection specimens. However, no universally accepted definition of resection margin for pancreatic cancer has existed to date. Chandrasegaram et al. [14] showed that R0/R1 rates vary according to different protocols of specimen processing and the R0 definitions used by each study in the first meta-analysis on this subject.
Furthermore, the concept of revised resection margin status is not validated internationally due to heterogeneity of different methods of neo or adjuvant treatment in each study and the absence of prospective studies. Application of the '1 mm rule' by the Leeds Pathology Protocol and the criteria of the British Royal College of Pathologists is mainly accepted in European countries. Whereas the '0-mm rule' as tumor cell at the surface of resection margin by the Union for International Cancer Control and American Joint Committee on Cancer criteria is used in United States [15, 22, 23] . Recently, the International Study Group of Pancreatic Surgery strongly re com mended the 1mm rule in evaluation of microscopic resection margin status [24] ; however, more validation studies may be needed to confirm the clinical significance of the '1-mm rule' of revised re sec tion margin status.
Several investigations showed revised R1 status is associated with poor prognosis compared to revised R0 status in multivariate analysis [9, 16, 17] . Two studies stratified the distance from resection margin by 0.5 mm and tried to determine a cutoff value for an optimal distance representing better long-term survival outcome [16, 18] . As a result, it was concluded that security for clearance of more than 1.5 mm is an independent factor for long-term survival. In the study of Campbell et al. [7] , the groups were divided in similar ways to our study: equivocal R1 (<1 mm), unequivocal R1 (direct), and R0 (≥1 mm). There was significant difference in overall survival between R0 and revised R1 groups but no difference between equivocal and unequivocal R1 resections. Strobel et al. [19] reported that margin status is a significant prognostic factor for survival irrespective of the resection margin status definition. However, we could identify the revised R1 group (tumor within 1 mm) represented by noticeable effects on median survival in this study.
By contrast, some studies raised questions about claims that the revised R1 system is significantly correlated with overall survival. There were no differences in disease-free survival and overall survival by Kaplan-Meier survival analysis between patients with R >1 mm resection margin (microscopic safety margin >1 mm), R 0-1 mm resection margin and R 0 mm resection margin in investigation by Sugiura et al. [11] As in our investigation, a significant difference existed in rates of local recurrence according to 3 group of resection margin; 8% with R >1 mm , 20% with R 0-1 mm , and 50% with R 0 mm patients (P < 0.001). However, there was no evidence of a direct relationship between local recurrence and distant recurrence in this study. Delpero et al. [25] used the '0-mm R1 rule' and represented patients with R1 (=0 mm) resection had a significantly poor outcome to those with R0 (>0 mm) in disease-free survival. rR0, microscopic safety margin >1 mm; rR1, 0 mm < microscopic safety margin ≤ 1 mm; cR1, safety margin = 0 mm.
Although no difference was found in overall survival, they insisted on the validity of the '0-mm rule' within the framework of recurrence. The issue of defining margin clearance is closely related to the way the tumor progresses. Considering that the growth pattern of pancreatic cancer is more sporadic and discontinuous than other cancers [26] , the absence of tumor cells at the surface of the resection margin cannot be ruled out that no tumor cells remain in the organ. Therefore, the more sporadic the tumors are, the greater the distance they must acquire to achieve optimal clearance. In this regard, in the case of pancreatic cancer, it is reasonable to apply a "1-mm rule" to margin clearance for curative resection. Our study was conducted on the same lines as these previous studies. We attempted to directly compare revised resection margin classifications with the classic resection margin classifications. In the classic resection margin classification scheme (R>0 mm vs. R=0 mm), we could find significant differences in both overall survival rate and disease-free survival rate. Classic R1 margin status was a poor prognostic factor for survival in multivariate analysis. By contrast, there was no significant difference in both overall survival rate and disease-free survival rate in revised resection margin classification. No significant difference in overall survival between rR0 and rR1 existed like investigation by Sugiura et al. [11] . These results may seem to support the '0-mm rule' for resection margin in some ways. However, except in one study [11] , all previous studies did not show sufficient data clarifying the relationship between resection margin and recurrence.
We found that revised R1 resection margin status, especially within 1-mm distance from the margin surface, can play a role as transitional zone by the result showing significant difference in recurrence at the tumor bed between rR0 and rR1. Actually, the local recurrence in the present study consists of recurrence at the tumor bed and regional LN involvement. We could identify that there is significant difference in recurrence at tumor bed (11.8% vs. 23.0, P = 0.050). However, no significant difference in regional LN recurrence between the 2 groups was shown (5.3% vs. 4.0, P = 0.772). Perhaps the statistical results of LN involvement seem to have affected no significant difference in the overall local recurrence. Of rR1 groups, significant difference in 3-year cumulative local recurrence rate according to adjuvant treatment was identified (no adjuvant treatment -66.3% vs. adjuvant treatment -35.5%, P = 0.034). Between the 2 groups, there was no significant difference in cell differentiation, T stage, N stage, perineural invasion, and lymphovascular invasion. Furthermore, of rR1, adjuvant treatment was found to be an independent risk factor for local recurrence. As noted in the methods section, the proportion of CCRT was 96% of all adjuvant treatment. These results support the claim that adjuvant chemoradiation for the rR1 group may reduce local recurrence.
Whether local recurrence can be the main cause of death in pancreatic cancer is uncertain yet. Despite local recurrence being reported to happen frequently from an autopsy study in patients with curative resection, only 4 patients died of local recurrence in one study [27] . So, further investigation is needed to clarify a direct relationship between local recurrence after revised R1 resection and mortality.
Our study has some limitations. First, our institution had no standardized neoadjuvant or adjuvant protocol, and change of regimen in accordance with passage of time might have influenced the clinical outcome of patients. Most patients received 5-FU-based chemotherapy in this study because of the lower health insurance coverage on gemcitabine in Korea, and it may have caused selection bias. Second, the median followup time in our investigation was 16.5 months and we analyzed 3-year survival outcome. Thus, our studies may not reflect longterm clinical outcomes as compared to previous studies. The study design requires more future long-term, follow-up, and nationwide investigation.
In conclusion, we found that poorly differentiated histologic grade was a risk factor for recurrence in multivariate analysis. rR1 resection margin status significantly affects recurrence at the tumor bed. Of rR1, adjuvant treatment was found to be an independent risk factor for local recurrence. Thus, adjuvant local control such as chemoradiation for rR1 group should be taken into account. More studies will be needed to figure out the clinical significance of revised microscopic positive resection margin (rR1) in terms of local recurrence and survival analysis.
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